Some systems benefit from the fact that the expression vectors, marker genes and inducing factors can be used directly in food applications since they are all derived from food-grade lactic acid bacteria. These systems have also been employed for the development of autolytic bacteria, suitable for various industrial applications.
In the past few decades, numerous genetic tools have been developed for lactic acid bacteria (LAB), Grampositive bacteria that are used in industrial food fermentations. These include the development of transformation, transduction and conjugation procedures', as well as the isolation and characterization ofplasmidfree strains, stable cloning vectors, efficient promoters and the functional analysis of a plethora of genes encoding relevant proteins2+, any number of which could improve the properties of fermented products upon overproduction.
Most advances in these areas have been made with strains of Luctococcus lactis that are widely used as starter cultures for cheese and other dairy products'-'.
A desirable feature of the genetic tools that are being developed to modify LAB is their suitability for safe application in food. Ideally, this means that a so-called food-grade cloning host is a microorganism with a long history of safe use in food, which is currently true for all lactic acid bacteria. These hosts should contain plasmids or other DNA elements (e.g. transposons, bacteriophage DNA) that do not harbour any undesired genes, such as those coding for antibiotic-resistance markers. When use is made of an inducing factor for gene expression, this factor should be acceptable in food products, for example small inorganic molecules like salts, organic molecules such as saccharides or fatty acids, or proteinaceous compounds originating from LAB. Alternatively, changes in growth conditions, including pH, temperature, aeration or even phage infection, would be an acceptable way to induce certain activities. For some applications, expression systems should consist of elements that all originate from a single LAB species, since this results in strains improved by self-cloning. Several systems for selfcloning have been described, including one that uses a complementing tacF gene as a selectable marker for growth on lactose5 and a system based on complementation of nonsense mutants in the purine biosynthetic pathway using plasmids with an ochre suppressor as a selectable marker?.
Regulated gene expression systems for lactic acid bacteria
Various expression systems using stable, broad hostrange vectors and constitutive promoters have been described to date for different LAB, e.g. lactococci, lactobacilli, streptococci and leuconostocs1-4. In ad& tion, chromosomal integration of genes at desirable loci is commonly used in microorganisms that can be transformed with relatively high efficiencie9. Here we will focus exclusively on expression systems that are based on transformation of LAB with plasmids containing effective expression signals, which can be regulated by inducers, repressors or environmental factors. Clearly, there is a need for such regulated expression systems for LAB, since ideally they will allow the controllable overproduction of proteins at high levels at any desired moment during industrial fermentation. This also means that proteins that are deleterious to the cell can be produced, because only minute amounts of these proteins will be produced by cells in the uninduced state. Regulated gene expression also reviews PhD Thesis). The 1acA and 1acR promoter activities were also studied by Eaton et al.x, who reported a 5-and 7-fold induction of lacA and 1acR promoters, respectively, by growth on lactose, using the reporter genes bxAB. The lactose-inducible system always shows a significant background expression on glucose, hampering the production of 'lethal' proteins. Moreover, for industrial purposes, it is not very attractive to switch the sugar during large-scale fermentations.
An improvement on the use of the 1acA promoter was realized by Wells et al.l), who described the development of a lactococcal system that uses the T7-polymerase of Escherichia coli bacteriophage T7 to transcribe target genes. The polymerase gene itself is expressed under control of the lacA promoter, and induction takes place by growing the cells in lactose, during which a significant increase in expression level of the gene of interest cloned downstream of the T-/-promoter was achieved. However, significant background expression of the gene of interest does occur. The system was applied to produce substantial amounts (22% of total intracellular protein) of heterologous tetanus toxin fragment C (TTFC), with the ultimate goal to use L. lactis as an antigen delivery vector for oral antigen administration. Promising results were obtained when it was demonstrated that the overexpressing strain could generate antibodies in mice, which subsequently protected them from a lethal TTFC challenge".
The dnaJ-promoter based system
Another type of gene regulation was found to occur in the case of the expression of the dna] gene of L. la&, which could be induced by heat shocklo. A transcriptional fusion between the dnaj-promoter fragment and a signal sequence derived from the lactococcal 10~45 gene, followed by urnyS encoding the Bacillcrs s~earothermophilus a-amylase, resulted in a 3-d-fold increase in extracellular a-amylase activity upon raising the temperature from 30 to 42'C. The mechanism by which the induction is brought about is certainly interesting, however, the applicability to industrial fermentations of a &-promoter based system is limited, because of the relatively low level of induction, the high background expression level in the uninduced state and the undesirable shift of temperature, which will also affect expression levels of many other genes.
The sodA-promoter based system Analysis of stress response in L. lactis revealed that the synthesis of at least three proteins is induced at low pH values of the culture medium".
The gene coding for one of these proteins was cloned and sequenced, and was shown to encode a superoxide dismutase. Several of the integrants were analysed for regulated gene expression and one of these, PA170, was shown to produce considerably more P-galactosidase under different conditions. The @galactosidase activity was higher when cells were grown at pH 5.2 than at pH 7.0, higher at 15°C than at 30°C and higher in stationary phase than in logarithmic phase. A 9.7 kb DNA fragment from PA170 was cloned on a multicopy vector and introduced into L. lactis. This strain showed a similar mode of regulation; differences in induction levels ranged from 8--50-fold, depending on the conditions used". This property might be valuable for the construction of genetically improved strains for industrial applications, since the regulation takes place through naturally occurring processes; for example, during cheese ripening.
Further characterization and engineering of this promoter region might improve the induction factor and the final level of expression. In addition, a combined effect of low temperature and low pH could be expected to yield tighter control of gene expression. The expression vector is maintained at low-copy number in the host, allowing the cloning of genes encoding toxic proteins.
After a deliberate phage infection, gene expression was 'explosively' triggered within 60 min, resulting in at least a lOOO-fold increase in P-galactosidase activity's (Fig. 1) . This illustrates the power of such a system to produce high amounts of protein in a relatively short time. The proteins can be maintained within the host if the cells are harvested prior to lysis, or allowed to be released into the medium if lysis is permitted.
This expression system can, in principle, be constructed in a food-grade manner.
A drawback for broader application might be that modulation of gene expression seems to be hard to achieve with this system.
The nisA/nisF-promoter based system A new system that offers significant potential for regulated gene expression in lactic acid bacteria is based on signal transduction by the two-component regulatory system, consisting of the response-regulator protein NisR and the sensor hi&dine-kinase NisK, found in the nisin gene cluster of L. la&. Nisin is a 3.5 kDa highly modified antimicrobial peptide, which is widely applied as a food preservative. Extracellular nisin acts as the signal for transcriptional activation of its own structural gene and of several other biosynthetic and immunity genes l')-*l. A model of the signal transduction pathway of the nisin genes, based on the general characteristics of two-component regulatory systems19,22-25, is presented in Fig. 2 . When plasmids with genes under control of the ni~4 promoter fi-agment are introduced in strains that cannot produce nisin but do contain the NisR and NisK proteins, which are necessary for signal transduction, these genes will be expressed at a very low level. This expression level is in most cases undetectable, even when using sensitive assays based on P-glucuronidase production. When nisin is added to the growth medium during logarithmic growth, transcription of the genes that are controlled by the nixA promoter is activated. The level of expression is proportional to the amount of nisin addedID. Recently, it was found that the nisF promoter, driving expression of the nisFEG genes, which were shown to be involved in immunity to nisirPJ7, can be activated by nisin in a way similar to the nisA promoter20.
To date, this system has been applied to express several homologous and heterologous genes, e.g. XUSA of E. coli, pepN (Ref. 28) of L. lads, and lytH and &A (Ref. 29 ) of +US3 of L. Ia&. A series of expression strains and vectors has been developed that allows high nisin-sensitivity of the signal transduction pathway and high production of the proteins of interest, e.g. by construction of vectors especially suited for making translational fusions at the start codon of nisA, thereby employing the strong translation-initiation signals of this gene19J1. Examples of the efficiency of the expression system are shown forgusA and pepN expression in Fig. 3 . Levels of intracellular production of different proteins typically range between 10 and 60% of total soluble protein.
The Gin-inducible system has several advantages for application:
l Nisin is an attractive molecule for use as an inducer, as it already has a history of safe use in food products and therefore can be considered food-grade. LytA can degrade cell walls of LAB and is thought to be exported by passive diffusion through pores formed by the holin protein LytH. Upon induction of the construct by addition of nisin to the growing culture a rapid and efficient lysis ofthe cells occurred. This result illustrates the applicability of tightly controlled expression systems for the expression of lethal genes. An attractive possibility for application of this system is to reviews combine expression of the lytic genes with that of genes involved in flavour formation, e.g. peptidases, lipases and amino-acid convertases. Autolytic strains can also conveniently be used for controlled overproduction of desired proteins in the culture medium as an alternative to set-dependent secretion systems. Future work will focus on assessing the effects of con trolled lysis of LAB, combined with production of desirable enzymes, on the maturation of fermented products.
